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A Possible Mechanism of Endothelium-dependent 
Relaxation Induced by Pirarubicin and Carbachol 

in Rat Isolated Aorta 
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Abstract-The mechanism of endothelium-dependent relaxation induced by pirarubicin, (2”R)-4’-0- 
tetrahydropyranyladriamycin, THP,  or carbachol was investigated in the rat isolated aorta. The relaxant 
effect of T H P  (1.5 x 10-6-4.5 x M) or  carbachol (10-8-10-4 M) on the aorta with endothelium was 
decreased by lowering Ca2+ in the medium. The relaxation induced by THP was not inhibited by 
pretreatment with verapamil ( 10-6-10-5 M), and that induced by carbachol was only partially inhibited. 
However, on replacement of all but 20 mM Na+ with either Li+ or  choline, the THP- or carbachol-induced 
relaxation was inhibited. Furthermore, the relaxing effect of T H P  or carbachol was inhibited by 
pretreatment with amiloride (10-4-3 x M), with ouabain (10-4-10-3 M), or with K+-depletion. These 
results suggest that the THP- or carbachol-induced relaxation depending on endothelium was affected by 
modifying the calcium ion concentration, and that a Na+-Ca2+ exchange process is involved. 

Pirarubicin (2”R)-4’-O-tetrahydropyranyladriamycin, a 
derivative of doxorubicin (adriamycin), has been found to 
have a potent antitumour effect similar to doxorubicin itself, 
but with lower cardiotoxicity (Danchev et al 1979; Matsus- 
hita et al 1985). Pirarubicin has been conventionally abbre- 
viated as T H P  (Majima 1982). T H P  has been shown to have 
a depressor effect in anaesthetized cats and rats (Tone et a1 
1986). We have reported that T H P  produced an endothe- 
hum-dependent relaxation in the rat isolated aorta (Hirano 
et al 1991a). Furthermore, in our preliminary study we 
reported that the THP-induced relaxation was probably 
mediated by endothelium-derived relaxing factor (EDRF) 
and that the tetrahydropyranyl group plays an important 
role in the THP-induced relaxation (Hirano et a1 1991b). 
However, the mechanism of the endothelium-dependent 
relaxation induced by THP has been unclear, although it is 
known that cholinergic agents such as acetylcholine and 
carbachol cause a relaxation of vascular smooth muscle cells 
by releasing E D R F  from the vascular endothelial cells 
(Furchgott & Zawadzki 1980; Murakami et  al 1985; Nagase 
et al 1987). The mechanisms governing the release of E D R F  
have been investigated extensively and have, in particular, 
included the posible role of calcium ions. For instance, it has 
been shown that the calcium ionophore, A23 187, produces 
an endothelium-dependent relaxation (Zawadzki et al 1980) 
and that acetylcholine activates muscarinic receptors (M2) 
which results in an increased influx of Ca2+ into endothelial 
cells (Long & Stone 1985; Peach et al 1987). However, the 
route of the entry of the extracellular Ca2+ into endothelial 
cells causing EDRF release remains controversial. While 
some studies have demonstrated that the Ca2+ influx 
occurred through the membrane via voltage-dependent 
calcium channels (Singer & Peach 1982; Williams et a1 1987), 
others reported a lack of involvement of these channels 
(Miller et al 1985; Winquist et a1 1985; Jayakody et al 1987) 
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and the possible involvement of the Na+-Ca+ exchange 
system (Winquist et al 1985; Shoeffter & Miller 1986). The 
objective of the present study was to investigate the role of 
cellular Caz+ entering via the Na+-Ca2+ exchange system for 
the endothelium-dependent relaxations produced by either 
THP or  carbachol. 

Materials and Methods 

Rat aortic strips 
Sprague-Dawley rats (male, 250-300 g) were killed by a blow 
on the head and exsanguinated. The thoracic aorta was 
removed and placed in physiological saline solution (PSS). 
Each thoracic aorta was carefully cleaned of surrounding 
connective tissue and cut into several helical strips, 2-3 mm 
wide and 8-10 mm long. Each muscle strip with endothelium 
was attached to a holder under a resting tension of 0.5 g and 
equilibrated for 60 min in a 10 mL organ bath. Muscle 
contractions were recorded isometrically with a force trans- 
ducer (TB-61 lT,  Nihon Kohden, Tokyo, Japan) connected 
to a multipurpose polygraph (RM-6000, Nihon Kohden). 
Each preparation was checked to confirm that M 
carbachol induced an almost complete (more than 80%) 
relaxation of the M noradrenaline-induced contraction 
in order to determine the functional integrity of the endothe- 
lium. 

In experiments with low- or high-Ca2+ solutions, tissues 
were initially washed in Ca*+-free PSS for 10 min, then 
incubated in 0.2,0.4,0.5,043,2.0 or 10.0 mM Ca2+ PSS for 15 
min, respectively. Subsequently, M noradrenaline was 
used to precontract the aorta in a medium containing each 
Ca2+ concentration;THP(I.5 x 10-h-4-5 x 1 0 - S ~ ) o r c a r b a -  
chol (10-s-10-4 M) was cumulatively applied to the medium. 

Solutions 
Normal PSS contained (mM): NaCl 118.3, KCI 4.7, CaC12 
2.0, MgS04 1.2, N a H C 0 3  25.0, KH2P04 1.2, calcium EDTA 
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0.026 and glucose 11.1.  The solution was maintained at 37°C 
and continuously gassed with 95% 0 2 - 5 %  C02 (pH 7.4). The 
low- or high-Ca2+ solutions were prepared by a decrease or 
increase of CaCl2 from the normal PSS. The Ca2+-free 
solution was made by omitting CaCI2 and calcium EDTA 
from the normal PSS and adding 0.1 mM disodium EGTA. 
The low-Na+ solution contained (mM): NaCl 14-0, KCl4.7, 
LiCl or choline chloride 104.3, NaHCO, 6.0, KH2P04 1.2, 
CaCl2 2.5, calcium EDTA 0.026 and glucose I 1.1, equili- 
brated to pH 7.1 by aeration with 95% 02-5% CO2. The K + -  
free solution was prepared by omitting KCI from the normal 
PSS and by replacing the KH2P04 with NaH2P04. 

Drugs 
THP was synthesized from daunorubicin (daunomycin) in 
our laboratory. T H P  was dissolved in deionized water. Other 
drugs used in this study were (-)-noradrenaline bitartrate 
(Wako, Osako, Japan), carbamylcholine chloride (carba- 
chol, Wako), verapamil hydrochloride (Eizai), atropine 
sulphate (Tanabe, Osaka, Japan), amiloride hydrochloride 
(Sigma), ( -)-ouabain octahydrate (Aldrich, Milwaukee 
MI), lithium chloride (Wako), and choline chloride (Wako). 
These drugs were dissolved in deionized water, with the 
exception of amiloride and ouabain which were dissolved in 
PSS. 

Statistical comparison 
Results of the experiments were expressed as mean f s.e.m. 
The data were analysed by Student’s unpaired t-test and 
P <  0.05 was defined as significant. 

Results 

Efsects of external calcium and of verapamil 
As shown in Figs 1 B and 2A, the relaxation caused by T H P  
(4.5 x 10-6-4.5 x M) was inhibited in 0.4 mM Ca2+ PSS. 
The relaxation by T H P  (4.5 x M) was also inhibited in 
0.8 mM Ca2+ PSS. However, in 10.0 mM Ca2+ PSS the THP- 
induced relaxation was not inhibited (Fig. 2A). As shown in 
Figs 1 D and 2B, the noradrenaline-induced contraction was 
suppressed in 0.2 mM Ca2+ PSS and the relaxation caused by 
carbachol (10-7-10-4 M) was inhibited in this calcium 
concentration. The relaxation by carbachol ( 10-6-10-4 M) 
was also inhibited in 0.5 mM Ca2+ PSS, but not in 0.8 or 10.0 
mM Ca2+ PSS (Fig. 2B). The relationship between external 
calcium concentration (0.4-2.0 mM) and relative relaxation 
of THP (1.5 x M) was almost linear. Also, the relative 
relaxation of carbachol ( M) was almost linear over the 
range 0.2-2.0 mM calcium. The curve of T H P  is slightly 
steeper than that of carbachol (Fig. 3). 

lo-’ M) for 30 min had no effect on the relaxation caused by 
THP (1.5 x 10-6-4.5 x lo-’ M). Carbachol-induced relaxa- 
tion at  concentrations ranging from lo-* to M was 
partially inhibited by verapamil ( 10-6-10-5 M). The relaxa- 
tion caused by carbachol (3 x 10-6-10-5 M) was slightly 
inhibited by M verapamil (Fig. 4B). 

Although the THP- or carbachol-induced relaxation was 
modified by the external calcium concentration (0.4-2.0 
mM), the THP-induced relaxation was not inhibited by the 

As shown in Fig. 4A, pretreatment with verapamil 

Normal PS THP 1 . 5 ~ 1 6 ~  4.5X166 1.5~16’ 4 . 5 ~ 1 6 ~ M  

0 .5g 

1 c 7 u  10 min 

0.5 g 

1c7 M lOmin 

I 
lOmin 

1 0 ‘ ~  M 10min 

0.5 g 

FIG. 1. Typical recordings of the THP- or carbachol-induced 
endothelium-dependent relaxation of the rat thoracic aorta in a 
normal- or low-Ca*+ physiological saline solution (PSS). THP or 
carbachol was applied cumulatively in the organ bath at concentra- 
tions from 1.5 x to 4.5 x M or from lo-’ to M. 
respectively. A: THP-induced relaxation in normal PSS. B: THP- 
induced relaxation in 0.4 mM Ca2+ PSS. C: carbachol-induced 
relaxation in normal PSS. D: carbachol-induced relaxation in 0.2 
mM Ca2+ PSS. 

Ca2+ channel blocker, verapamil. The carbachol-induced 
relaxation was only partially inhibited. 

Efsect of amiloride 
Experiments were also performed using amiloride, an anta- 
gonist of the Na+-Ca2+ exchange system. The relaxation 
caused by THP (1.5 x 10-6-4.5 x lo-’ M) was not inhibited 
by pretreatment with amiloride M) for 30 min. In 
contrast, the relaxation caused by THP (1.5 x 10 - 5  and 
4.5 x 10 M 

amiloride (Fig. 5A). The relaxation caused by carbachol 
(3 x 10 *-lo-’ M) was also inhibited by pretreatment with 

M amiloride, and the relaxation by carbachol 
(3 x and M) was inhibited by 3 x M amiloride 
(Fig. 5B). 

M) was inhibited by pretreatment with 3 x 

or 3 x 

Eflect of replacement of external Nu+ by Lit or choline 
In an experiment with low-Na+ solution, tissues were 
incubated in normal PSS or in a PSS where all but 20 mM 
N a +  was replaced either by LiCl or by choline chloride 
(containing M atropine sulphate) for 90 min. T H P  
( 1 . 5 ~  10-6-4.5 x M) or carbachol (10-8-10-4 M) was 



246 SHIN-ICHI HIRANO ET AL 

A 100 

80 

60 

40 

20 

0 

- 
8 
I 

8ot 

h 6 5 4 8 
-Log THP concn (M) Y 

6 5 4 

-Log THP concn (M) 

U 

8 7 6 5 4 

-Log CCh concn (MI 

FIG. 2. Effects of external calcium on the concentration-relaxation 
curves to THP (A) or  carbachol (B) in noradrenaline-precontracted 
thoracic rat aorta with endothelium. Experiments were performed as 
shown in Fig. 1. Data points are mean k s.e.m. of 5 to 8 experiments. 
**P<O.OI and *P<0.05, compared with control 10.0, 0 2.0, + 
0.8, 0 0.5, A 0.4 and A 0.2 mM Ca2+. 
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FIG. 4. Effects of pretreatment with verapamil (lo-' +, A, 
M U) on the concentration-relaxation curves to THP (A) or 

carbachol (B) in noradrenaline-precontracted thoracic rat aorta 
with endothelium. THP or carbachol was applied cumulatively in 
the organ bath at concentrations from 1.5 x to 4.5 x lo-' M or 
from to M, respectively. Data points are mean ks.e.m. of 
4 to 8 experiments. **P<O.OI and *P<O.O5 compared with control 
(0) .  

Effects of ouabain and K+-depletion 
The effects of a pretreatment with ouabain (10-4-10-3 M) for 
60 min on either the THP- or carbachol-induced relaxation 
are shown in Fig. 7A and B, respectively. Ouabain M) 
slightly inhibited the relaxation caused by carbachol ( lo-'- 

-4.5 x M). 
Ouabain at concentrations of 5 x and M caused a n  
increase in basal tension which stabilized within 60 min, and 
the contractile response to  noradrenaline ( M) decreased 
(data not shown). Even under these conditions, the relaxa- 
tion caused by T H P  (1.5 x lo-' and 4.5 x or carbachol 
(3 x 10-8-10-4 M) was markedly inhibited by ouabain. 

In experiments involving K+-depletion, tissues were incu- 
bated in normal or K+-free PSS for 60 min, and then T H P  
(1.5 x 10-6-4.5 x M) or carbachol (10-8-10-4 M) was 
cumulatively applied to the M noradrenaline-induced 
contraction. After incubation with K+-free PSS for 60 min, 
an increase in basal tension was observed (data not shown). 
The relaxation caused by THP (4.5 x 10-6-4.5 x M) or 
carbachol (3 x 10-8-10-4 M) during the noradrenaline- 
induced contraction was markedly inhibited by K+-deple- 
tion, as shown in Fig. 8. 

M), but not that by THP (1.5 x 

Discussion 

Caz+ plays an essential role on the cellular mechanisms 
underlying EDRF generation or release (Long & Stone 1985; 

cumulatively applied after lo-' M noradrenaline had induced 
a contraction. In the presence of LiCI, the relaxation caused 
b y T H P ( 4 . 5 ~  lO-"and 1 . 5 ~  1 0 - 5 ~ ) o r c a r b a c h o l ( 3 x  

M) was inhibited (Fig. 6A, B). In the presence of choline, 
the relaxation caused by THP (1.5 x and 4.5 x M) 
was also inhibited (Fig. 6A). 
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FIG. 3. Relationship between external calcium concentration and 
relative relaxation ofTHP (1.50 x M, A) or carbachol M ,  
0) .  Experiments were performed as shown in Fig. 1. Data points are 
mean +s.e.m. of 5 to 8 experiments. 
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FIG. 5.  Effects of pretreatment with amiloride +, A, 
3 x M m) on the concentration-relaxation curves to THP (A) or 
carbachol (B) in noradrenaline-precontracted thoracic rat aorta 
with endothelium. THP or carbachol was applied cumulatively in 
the organ bath at concentrations from 1.5 x to 4.5 x lo-’ M or 
from to M, respectively. Data points are mean +s.e.m. of 
5 to 8 experiments. **P<O.OI and * P < O . O S  compared with control 
(0). 
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FIG. 6.  Effect of replacing all except 20 mM N a t  by Li+ (A) or 
choline (W)  on the concentration-relaxation curves to THP (A) or 
carbachol (B) in noradrenaline-precontracted thoracic rat aorta 
with endothelium. THP or carbachol was applied cumulatively in 
the organ bath at concentrations from 1.5 x to 4.5 x lo-’ M or 
from to M, respectively. Data points are mean fs.e.m. of 
4 to 5 experiments. **P<O.OI and *P<0.05 compared withcontrol 
(0) .  

Peach et al 1987). It has been reported that intracellular Ca2+ 
([Ca2+],) is increased by several agonists (ATP, bradykinin, 
histamine, thrombin, and the Ca2+ ionophore, A23187) 
known to induce both endothelium-dependent relaxation 
and E D R F  release in vascular smooth muscle cells (Liickhoff 
& Busse 1986; Griffith et al 1986; Colden-Stanfield et al 1987; 
Jaffe et al 1987; Peach et all987; Pirotton et al 1987; Brock & 
Capasso 1988). Acetylcholine has been reported to increase 
[Ca2+], in endothelial cells (Gorden & Martin 1983; Peach et 
al 1985; Winquist et al 1985; Luckhoff & Busse 1986; 
Shoeffter & Miller 1986; Danthuluri et al 1988; Oleson et al 
1988). However, the route of entry of extracellular Ca2+ 
responsible for the release of EDRF is uncertain. Singer & 
Peach (1982) showed that the calcium channel blockers, 
nifedipine and verapamil, inhibited methacholine- and 
A23 187-induced endothelium-dependent relaxation. Other 
investigators have failed to block the endothelium-depen- 
dent relaxation to acetylcholine with the calcium antago- 
nists, verapamil and nifedipine (Winquist et al 1985). 

We have previously reported that THP produced an 
endothelium-dependent relaxation in rat isolated aorta 
(Hirano et al 1991a), which was probably mediated by 
EDRF (Hirano et al 1991 b). We have attempted to clarify the 
role of Ca2+ for the endothelium-dependent relaxation 
induced by THP.  The THP-induced relaxation was modified 

by external Ca?+,  but insensitive to the Ca2+ channel blocker. 
The carbachol-induced relaxation was modified by external 
Ca2+, and was only partially inhibited by verapamil. The 
THP-induced relaxation was more affected than the carba- 
chol-induced relaxation by external Ca2+ concentration. 
From these data, it is suggested that the increase in [Ca2+],, 
via verapamil-resistant pathways is essential in the THP- or 
carbachol-induced relaxation. 

Before the essential role of endothelium in the acetylcho- 
line-induced relaxation of the vascular smooth muscle had 
been established, De Mey & Vanhoutte (1980) proposed that 
the acetylcholine response might be involved in the Na+- 
Ca2+ exchange system. Winquist et al(l985) and Shoeffter & 
Miller (1 986) reported data concerning the possible involve- 
ment of the Na+-Ca2+ exchange mechanism in EDRF- 
synthesis or release. That is, the EDRF-mediated vasorelax- 
ation induced by acetylcholine and other EDRF-dependent 
vasodilators was inhibited by removal of extracellular 
sodium, resulting in inhibition of the Na+-Ca+ exchange 
mechanism, by addition of amiloride or dichlorobenzamil, 
two inhibitors of the Na +-Ca2+ exchange mechanism, or by 
the presence of ouabain, an inhibitor of Na+-K+-ATPase, 
which is coupled to the Na + -Ca2 + exchange mechanism (De 
Mey & Vanhoutte 1980; Winquist et al 1985; Shoeffter & 
Miller 1986). In the present experiments, the THP-induced 



248 SHIN-ICHI HIRANO ET AL loor 80 

j O /  20 0 ,  fi: 
h 5 4 $ 6  

-Log THP concn (M) Y 

c 
0 
m 
.- c 
- H 

80 - 

8 7 6 5 4 
-Log CCh concn (M) 

FIG. 7. Effects of pretreatment with ouabain A, 5 x +, 
10 ’ M .) on the concentration-relaxation curves to THP (A) or 
carbachol (B) in noradrenaline-precontracted thoracic rat aorta 
with endothelium. THP or carbachol was applied cumulatively in 
the organ bath at concentrations from 1.5 x to 4.5 x 10- ’ M or 
from lo-* to M, respectively. Data points are mean+s.e.m. of 
4 to 5 experiments. **Pc 0.01 and * P40.05 compared with control 
(0). 

relaxation was inhibited by replacing all but 20 mM Na+ of 
the PSS by Li+, or choline. The carbachol-induced relaxa- 
tion was also inhibited by replacing all but 20 mM N a +  by 
Li+. Further, the THP- or carbachol-induced relaxation was 
inhibited by pretreatment with amiloride, with ouabain, or 
with K+-depletion. K+-Depletion as well as ouabain treat- 
ment is known to inhibit the N a t  -K+-ATPase coupling 
Na+-Ca2+ exchange system. These results suggest that the 
Na+-Ca2+ exchange system is important for the EDRF- 
dependent relaxant effect of T H P  or carbachol, which is 
consistent with the finding that carbachol-increased [Ca2+], 
in the endothelial cells was less sensitive to  the Ca2+ 
antagonist in rat aortic strips, simultaneously measured 
muscle tension and endothelial [Ca2+], using fura-2 (Sato et 
a1 1990), and also that increases in intracellular N a +  can lead 
to a rise in free cytoplasmic Ca2+ concentration either by 
facilitation of Ca2+ influx via a Na+-Ca2+ exchange system 
at  the plasma membrane (Rubanyi 1986) or via N a +  -induced 
Ca2+ release from intracellular binding sites (Van Breemen et 
a1 1979). 
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